Hepatic steatosis is an important risk factor for the development of inflammation, fibrosis and impaired liver regeneration. The factors regulating lipid accumulation and driving hepatic steatosis toward inflammation, fibrosis and impaired regeneration are largely unknown. The aim of this study was to identify major alterations in gene expression occurring in steatotic hepatocytes, and to analyze how these changes impact cellular processes associated with steatosis. Microarray gene chips and RT-PCR were performed to analyze changes in gene expression induced in fatty human immortalized hepatocytes after treatment with 50 mM oleic acid for 7 days. Lipid metabolism and triglyceride accumulation in these cells was examined by Oil-Red-O staining, thin-layer chromatography (TLC) and immunofluorescence. Caspase 3 activity, BrdU incorporation and trypan blue exclusion were used to study apoptosis, proliferation and cell viability. Finally, quantitative analysis of signalling induced by insulin was performed by Western blot. Characterization of steatosis in three hepatocyte-derived cell lines indicated that the immortalized human hepatocytes (IHH) line was the most appropriate cell line for this study. Gene expression analysis showed significant alterations in the transcription of two major classes of genes involved either in cholesterol and fatty acid biosynthesis, as well as lipid export, or in apoptosis and cell proliferation. Such changes were functionally relevant, since TLC indicated that synthesis and accumulation of triglycerides were increased in steatotic cells, while synthesis of cholesterol and fatty acids were decreased. Lipid accumulation in IHH was associated with an increased apoptosis and an inhibition of cell proliferation and viability. No detectable changes in genes associated with insulin resistance were observed in steatotic cells, but signalling induced by insulin was more efficient in steatotic IHH as compared to control cells. We conclude that IHH represent a new valuable model of steatosis, not associated with insulin resistance, to study at both the genetic and functional level factors involved in the process of lipid accumulation and steatosis-associated liver injury.
Obesity, as part of the metabolic syndrome, constitutes one of the major risk factors for the development of fatty liver, a condition also known as steatosis. [1] [2] [3] Until recently, hepatic steatosis was regarded as inconsequential, but increasing evidence suggests that a fatty liver is more vulnerable to factors that lead to inflammation and fibrosis. 4 The fact that obesity and steatosis may negatively influence the course of other liver diseases, for example viral hepatitis, 5, 6 has important therapeutic implications, because a reduction in steatosis may improve liver injury and decrease the progression of fibrosis. This is supported by the observation that weight reduction in patients with chronic hepatitis C may significantly reduce fibrosis and stellate cell activation. 7 Under the influence of as yet largely unknown factors, steatosis can progress to steatohepatitis (ie, the association of lipid overload and inflammation) and fibrosis. Once the end stage of fibrosis (also called cirrhosis) develops in patients with non-alcoholic fatty liver disease (NAFLD), the mortality rate increases significantly 8 and the prognosis appears to be poor, with studies reporting high rates of hepatocellular carcinoma. 9 A common feature of patients with NAFLD is an excess of circulating free fatty acids (FFAs). One likely cause of hepatic steatosis is an increased influx of FFA into hepatocytes, which generally occurs through membrane diffusion. Upon entry into the cell, FFAs are rapidly modified by acyl-CoA synthetases and are no more available for transport or diffusion. The majority of excess FFA is then converted to triglycerides and stored in lipid droplets. 10 Also, the lipid export from the liver may be impaired in NAFLD, because of defective incorporation of triglyceride into apolipoprotein B (apoB) or reduced apoB synthesis, or excretion. 11, 12 Hepatic steatosis may progress toward fibrosis due to liver damage caused by increased lipid peroxidation and oxygen reactive species. In NAFLD, one component of lipid peroxidation is excess substrate, represented by triglyceride droplets in hepatocytes. 10 The consequences of lipid accumulation are an increased DNA oxidative damage and cell death. 13 Additionally, an increased delivery of fatty acids to the liver results in an induction of CYP2E1, leading to an increased formation of reactive oxygen species, which may directly contribute to the activation of stellate cells, the main effectors of fibrosis in the liver. 14, 15 Another important feature of fatty liver disease is its association with insulin resistance, although this feature seems to depend on the etiology of steatosis. [16] [17] [18] [19] In favor of a link between insulin resistance and steatosis, hyperinsulinemia has been shown to promote de novo lipogenesis by upregulating lipogenic transcription factors such as sterol regulatory binding protein-1c (SREBP-1c) and carbohydrate response element binding protein. [20] [21] [22] Insulin-mediated activation of SREBP-1c increases in turn malonyl-CoA, which inhibits FFA oxidation, thereby favoring hepatic triglyceride accumulation. Hepatic insulin resistance may also be associated with a decreased expression of insulin receptor substrate (IRS) proteins, which have been shown to modulate lipid metabolism, as demonstrated by the increase of liver triglycerides in the single or dual IRS1/IRS2 knockdown in mice. 23 An additional feature of NASH and HCV infection-related steatosis, is the presence of hepatocyte apoptosis, which is associated with increased levels of activated caspases 3 and 7, 24 and a decreased expression of the anti-apoptotic factor Bcl-2. 25 Also, hepatocyte regeneration has been shown to be impaired in human fatty liver, through a mechanism involving oxidative stress and hepatic progenitor cells. 26 The genome-wide expression changes related to the presence of steatosis have been investigated by some authors in the whole liver, [27] [28] [29] but comparative data from normal and steatotic human hepatocytes are not available. We report here the results from gene expression analyses, as well as investigations of metabolic dysfunctions, in fatty human immortalized hepatocytes. These data not only confirm previously identified features characterizing the fatty liver in vivo, but also provide new candidate genes potentially implicated in metabolic syndromes associated with hepatic steatosis. Our study also validates immortalized human hepatocytes (IHH) as a novel in vitro model to investigate the mechanisms and consequences of lipid accumulation in hepatocytes, independently of insulin resistance.
MATERIALS AND METHODS Cell Culture
Human hepatocytes, isolated and immortalized by lentiviral transduction with the SV40T antigen and hTERT as previously described (IHH), 30 were a kind gift from Professor Didier Trono and Dr Tuan Nguyen. IHH were maintained at 371C and 5% CO 2 in phenol red-free Dulbecco's modified Eagle's medium (DMEM/F-12) (GIBCO-BRL) containing 1 Â 10 -6 M dexamethasone, 1 Â 10 -12 M human insulin (Humalog, Lilly) and antibiotics (100 IU/ml penicillin, 100 mg/ml streptomycin) with 10% fetal bovine serum (FBS) (Invitrogen). This medium composition was defined as 'normal condition'. Induction of steatosis was obtained by using a 100 mM oleic acid (Sigma) stock solution diluted in ethanol, which was added to the normal condition culture medium in order to obtain a final concentration of 50 mM. The duration of this treatment was 7 days. To normal condition cultures were added the same volume of ethanol, which was maintained at less than 1:1000. Two other liver cell lines, Huh-7 and Hep G2 (European Collection of Cell Cultures, ECACC), were cultured in the same conditions containing equal concentrations of dexamethasone, insulin, antibiotics and FBS.
Affymetrix Analysis
Total RNA was isolated and processed from 10 6 cells using the RNeasy extraction kit (Qiagen), according to the manufacturer's protocol. Only high-quality RNA with intact 18S and 28S RNA was used for the synthesis of biotin-labelled cRNA and for its hybridization to human HG-U133A chips (Affymetrix). For each condition, three chips, containing 54 675 distinct transcripts each, were hybridized and scanned. The fluorescence signals were analyzed with the Affymetrix software MAS 5.0 and DMT 3.0., which calculated signal values and provided detection calls (present, marginal or absent) for each probe set. Detection calls were determined from statistical calculations of the difference in hybridization signals between perfect match oligonucleotides and their corresponding control mismatch sequence (probe set).
IHH samples were prepared in triplicate for both normal conditions and steatosis. Each of the experimental control samples was compared with each of the steatosis samples, resulting in nine pairwise comparisons. This approach, which is based on the Welch-t test, allows the ranking of results by concordance and provides an estimate of the significance (P-value) of each identified change in gene expression. Transcripts were considered to be differentially expressed, if their levels changed in the same direction in at least seven out of nine comparisons, and if the P-value for the median relative change was o0.05. Results are expressed as the average relative change in the comparisons.
So-called focus genes, defined by significant differential expression in at least seven out of nine probe set comparisons, were used as the starting point for generating biologic networks. Ingenuity Pathways Analysis (IPA) software was used to identify key functions and pathways differentially regulated between normal and steatotic IHH.
Quantitative Real-Time PCR Single-stranded cDNA templates for real-time PCR analysis were synthesized from the same RNA pools used for the microarray analysis, and from independently derived and extracted secondary samples. Specific forward and reverse primers were designed using Primer Express 2.0 software (Applied Biosystems). The sequences are given as Supplementary Information on the Laboratory Investigation web site. Primer pairs were tested and efficiencies were measured using standard curves from serial dilutions of cDNA. Specificity of Sybr Green reactions was determined by examination of product melting curves. cDNA was PCR amplified in a 7900HT SDS System (Applied Biosystems) and raw threshold-cycle (C t ) values were obtained from SDS 2.0 software (Applied Biosystems). Relative quantities (RQ) were calculated using the formula RQ ¼ EÀC t , using efficiencies (E) calculated for each run with the DART-PCR algorithm, as described. 31 A mean quantity was calculated from triplicate PCR reactions for each sample, and this quantity was normalized to two similarly measured quantities of normalization genes (EEF1A1 and TBP). Normalized quantities were averaged for three replicates for each data point and are presented as the mean7s.d. The highest normalized relative quantity was arbitrarily designated as a value of 1.0. Fold changes were calculated from the quotient of means of these normalized quantities. The statistical significance of fold changes was determined by a paired Student's t-test. Primer sequences are provided in Supplementary Table S1 .
Microscopy
Semi-confluent IHH grown on a coverslip were fixed in buffered formaldehyde 4% for 20 min at room temperature. Staining of intracellular neutral lipids was performed with Oil-red-O (Sigma): the positively stained area was quantified using Metamorph Professional Image Analysis software (Universal Imaging). Intracellular neutral fats were also labelled with 200 nM BODIPY 505/515 (Invitrogen) for 30 min. After washing with phosphate-buffered saline (PBS), coverslips were placed on microscopy slides and they were observed using a fluorescence microscope (Zeiss Axiocam Imaging).
Flow Cytometry
For flow cytometry, a suspension of IHH with 200 nM BODIPY 505/515 was incubated in PBS for 30 min at 371C in the dark. After washing with PBS, flow cytometry was performed using FACS-Calibur (Becton-Dickinson).
Triglyceride Assay
Triglycerides were extracted from 5 Â 10 5 cells previously treated with oleic acid (50 mM for 7 days) and control cells, according to the Folch method, 32 using as organic solvent chloroform/methanol (2:1 v/v, Folch reagent). A triglyceride assay kit (Sigma) was used for quantification, using a spectrophotometer with absorbance at 540 nm according to the manufacturer's instructions.
TLC
For lipid extraction, cells were disrupted by addition of lysis buffer (Tris-HCl 50 mM, pH 8, NaCl 150 mM, Triton X 1%) and the protein concentration of the lysate was measured. After a 30 min incubation of 100 mg proteins in 800 ml distilled water, 2 ml methanol, 1 ml chloroform, 1 ml chloroform and 1 ml PBS were added to the solution and incubated for another 10 min on ice. Then, samples were centrifuged (200 g, 41C, 5 min.) and the lipid phase was removed and dried under nitrogen flux in a glass tube. 33 Lipid samples were re-dissolved in 30 ml chloroform/methanol (2:1, by vol) and transferred on a TLC plate (Silica gel G 60 10 Â 10 cm, Merck) with a microcapillary. TLC plates were then placed in the developing chamber for solvent migration. The eluting solvent used was a mixture of hexane/diethyl ether/formic acid (80:20:2, by vol). Lipid spots were visualized after treatment with 3% cupric acetate, 8% phosphoric acid reagent and heating at 1601C for 10-15 min. Finally, plates were scanned with a densitometer operated in the reflectance mode and spots were quantified by integration of variable pixel intensities on ImageQuant analysis software (GE Healthcare). To measure de novo lipogenesis, 2 Â 10 6 cells were incubated in the presence of 1 mM [2-14 C]acetate (5 mCi, Moravek Biochemicals) for 4 h at 371C. Cells were then washed twice with PBS and lipids were extracted and separated by TLC, as described above. TLC plates were exposed to a storage phosphor screen (Molecular Dynamics) during 48 h and scanned with a Typhoon 9400 phosphoimager (Amersham).
Apoptosis, Cell Viability and Proliferation Assay
Apoptosis was assessed by measuring the caspase 3 activity, using a specific assay (Roche). Briefly, 2 Â 10 6 IHH were lysed in 200 ml lysis buffer, vortexed and incubated for 1 min on ice. After centrifugation at maximum speed in a table-top centrifuge for 15 min, 100 ml of the supernatant were added on a microtiter plate pre-coated with anti-caspase-3 monoclonal antibodies and incubated at 371C for 60 min. After washing, 100 ml of caspase 3 substrate solution were added, and after an incubation of 120 min, the caspase 3 enzymatic activity was measured fluorometrically.
The trypan blue exclusion assay was used to determine the viability of steatotic and control IHH, using a hemocytometer. In brief, 10 ml of 0.4% trypan blue in PBS (pH 7) was added into 90 ml of cell suspension. A 10 ml volume of this mixture was placed on the hemocytometer for counting trypan blue-stained cells under the microscope. More than 100 cells per field were examined and data are expressed as percent of dead cells7s.d.
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Cell proliferation was measured using the BrdU incorporation assay (Roche). A total of 5 Â 10 4 cells were added to a 96-well microtiter plate and pulse labelled with BrdU for 6 h. After fixation and DNA denaturation, a peroxidaseconjugated anti-BrdU antibody was added and incubated for 60 min. After washing, a peroxidase substrate was added and absorbance was measured in an ELISA plate reader.
Protein Analysis
Control and steatotic IHH were serum starved 12 h and incubated with 10 À7 M insulin (Novo Nordisk) at 371C for different times. After insulin stimulation, cells were immediately washed with cold PBS and frozen with liquid nitrogen to stop signalling events. Cells were then lysed in cold RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) including 10 mM NaF, 5 mM ortho-vanadate and a cocktail of protease inhibitors (Roche). Equal amounts of proteins for each sample were resolved on 10% SDS acrylamide gels and blotted onto nitrocellulose membranes (Amersham Biosciences) for Western blots. Antibodies against insulin receptor, phospho-insulin receptor, IRS1 and phospho-IRS1 (Tyr632) were from Santa Cruz Biotechnology. Antibodies against phospho-IRS1 (Ser636/9), Akt, phospho-Akt (Thr308 and Ser473), ERK1/2 and phospho-ERK1/2 (Thr202 and Tyr204) were from Cell Signaling Technology. Primary antibodies were detected using appropriated HRP-conjugated secondary antibodies from Bio-Rad and the enhanced chemiluminescence detection system (ECL, Amersham). Quantifications were performed using the ChemiDoc XRS and the Quantity One software (Bio-Rad).
Statistics
All results are presented as mean7s.d. of experiments performed in triplicate. Results of two groups were compared using the Student's t-test. Pairwise comparisons were performed in microarray studies using the Welch-t test. Po0.05 was considered statistically significant.
RESULTS

Induction of Steatosis in Hepatocyte Cell Lines
The clinical criteria used to diagnosis steatosis on histological sections of human livers is the visible accumulation of lipid droplets in more than 5% of hepatocytes. 34 Since our interest was to identify dysregulated genes in fatty hepatocytes compared with normal ones, our first step has been to identify an adequate cell model. To this end, we induced steatosis in IHH and in the tumor-derived cell lines Hep G2 and Huh-7. Monounsaturated oleic acid was used to induce steatosis, since it was more efficient than palmitic acid (saturated) or arachidonic acid (polyunsaturated) (data not shown). Under normal cell culture conditions, Oil-red-O staining revealed that IHH contain a very low amount of intracellular neutral lipids. After treatment with oleic acid, IHH accumulated cytoplasmic lipid droplets, mainly distributed in small vesicles (Figure 1a and b) . In contrast to IHH, both Huh-7 and Hep G2 cells displayed an important Oil-red-O staining already in normal cell culture conditions ( Figure 1a , c and e). TLC analysis of the lipid content of the three cell lines cultured in the absence of oleic acid indeed showed that these differences were mainly due to an increase in intracellular triglyceride content and, although only partially, in fatty acids, whereas intracellular cholesterol content did not change significantly among the three cell lines (Figure 1g ). Since in normal culture conditions IHH contain very few visible intracellular lipid droplets, we considered that these cells were closer than Hep G2 and Huh-7 to what is observed in healthy human hepatocytes and we focused our subsequent analyses on this cell line.
To further confirm the accumulation of neutral lipids in IHH treated with oleic acid, we stained cells using BODIPY 505/515. Similar to the Oil-red-O staining, oleic acid-treated IHH showed an intense fluorescent signal corresponding to steatosis distributed in small cytoplasmic vesicles, while only very few fluorescent areas were seen in normal IHH ( Figure  2a 
Lipid Metabolism in Steatotic IHH
To further characterize the type of neutral lipid accumulated into fatty hepatocytes following oleic acid treatment, the content and biosynthesis of neutral lipids in IHH exposed or not to oleic acid was examined by TLC. Consistent with our flow cytometry analysis, steatosis induced by oleic acid was associated with an 18-fold increase in the total amount of intracellular triglycerides (Figure 3a) . The cellular content of cholesterol, cholesterol esters and fatty acids was unchanged. We then assessed the biosynthesis of neutral lipids by exposing the cells to [2- 14 C]acetate and performing TLC followed by autoradiography (Figure 3c ). Quantifications of these data showed that biosynthesis of triglycerides was increased by 2.2-fold in steatotic IHH, whereas a decrease was measured for fatty acids and cholesterol (À5.1-and À7.5-fold, respectively).
Taken together, these data show that IHH treated with oleic acid develop steatosis by increasing their triglyceride synthesis, and that the decreased synthesis of cholesterol and fatty acids does not significantly affect intracellular triglyceride content in steatotic cells. 
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Microarray Analysis and Quantitative PCR
To study the effects of oleic acid treatment on the expression of genes regulating lipid metabolism and other cellular processes, gene expression was analyzed in normal and in steatotic IHH, using the microarray technology. Our data indicated that when stringent criteria were applied (ie, an expression change 42-fold, Welch-t test P-value o0.05, and at least seven concordant comparisons out of nine), steatotic IHH exhibited 30 differentially expressed genes. There were 12 genes with a significant increased expression and 18 genes, which were downregulated (Table 1) .
To obtain a functional classification of the observed changes, we introduced differentially expressed genes into the IPA software, which built up several groups of genes according to their major biological functions as shown in Table  2 . According to our morphological observations, expression of genes involved in the regulation of lipid metabolism was significantly altered in steatotic IHH. In addition, genes regulating apoptosis and cell proliferation, as well as genes controlling the intracellular redox balance were also substantially dysregulated.
With respect to the lipid metabolism, our microarray analyses were consistent with our biochemical data ( Figure  3 ), since they suggested that the decrease of fatty acid and cholesterol biosynthesis in steatotic IHH might be the result of a genetic repression of key enzymes involved in these processes. Indeed, the expression of sterol regulatory element binding protein 1, which is a key factor in the control of fatty acid synthesis tended to be decreased (À3.47-fold) in steatotic cells (but was not included in the 30 differentially expressed genes in Table 1 , since only five out of nine comparisons were concordant). Similarly, fatty acid synthase and stearoyl-CoA desaturase genes were downregulated by 2.01-and 3.51-fold, respectively. The decreased expression of several enzymes regulating the biosynthesis of cholesterol (Table 2) was also in line with the results of TLC, indicating a reduced production of cholesterol in steatotic hepatocytes. The expression of enzymes involved in the biosynthesis of triglycerides was not significantly changed, suggesting that their increased biosynthesis in steatotic IHH is not due to a genetic upregulation of enzymes directing these processes, but rather to an excess of substrate or an upregulated activity. To validate our microarray analysis, changes in the expression of nine of the genes presented in Table 2 , which are key players in biological processes affected by lipid accumulation in IHH, were further examined by RT-PCR (right column, Table 2 ). RT-PCR analyses of these genes in normal and steatotic IHH confirmed the alterations measured in microarray experiments.
Cellular Apoptosis, Proliferation and Viability
In some clinical conditions, such as chronic HCV infection or NASH, the presence of steatosis may be associated with a dysregulated cellular apoptosis and/or proliferation. Several genes controlling apoptotic and proliferative mechanisms (Table 2) . We thus investigated whether these processes were also functionally altered in steatotic IHH. We found that lipid accumulation was associated with a threefold increase in the activity of caspase 3, a key mediator of apoptosis, as compared to normal IHH (Figure 4a ). In contrast, cellular proliferation, measured by the BrdU incorporation method, was reduced by 1.5-fold in steatotic IHH, as compared to control cells (Figure 4b) . Together, the combined effects of the increased apoptosis and decreased cell proliferation in steatotic cells were reflected in the 42-fold increase in cell death that was observed in cells with steatosis, as shown in Figure 4c by trypan blue dye exclusion (8%72.1 vs 17.5%73.3 of dead cells in control and steatotic Component of cytoskeleton Myosin, heavy polypeptide 10 À1.9
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Insulin Signalling in Steatotic IHH
Lipid accumulation in hepatocytes is often associated with insulin resistance. However, it is unclear whether it is steatosis that can cause insulin resistance or vice versa, and the molecular mechanisms linking these two metabolic defects are poorly defined. Our microarray analysis could not detect changes in the expression of gene associated with the insulin signalling pathway; however, it still remains the possibility that intracellular lipid accumulation modulate the expression of critical factors in the insulin signalling cascade at the posttranscriptional level. To investigate whether steatosis affects insulin signalling pathways in IHH, control and oleic acidtreated IHH were serum starved and stimulated for different times with insulin. Activation of insulin-dependent metabolic and mitogenic signalling was then quantitatively assessed by Western blot. Surprisingly, tyrosine phosphorylations of the insulin receptor and IRS1 in response to insulin were increased in steatotic vs control cells at early time points of the stimulation (Figure 5a and b) . On the other hand, phosphorylation of IRS2 was unaffected by steatosis (data not shown). Phosphorylation of IRS1 on negative regulatory serine 636 and 639 residues, which can be triggered by multiple intracellular kinases to downregulate IRS1-PI 3-K signalling, was observed in response to insulin but was unaffected by lipid accumulation (Figure 5b ). Consistent with these data, Akt/PKB phosphorylation and ERK1/2 activation were significantly increased in steatotic cells (Figure 5c and d) . Levels of protein expression of all signalling effectors tested were similar in control and steatotic cells, consistent with the lack of changes observed with the microarray data. Finally, we tested also by RT-PCR the expression GSK3, FAS and PEPCK, three major genes regulated by insulin and controlling lipid and glucose metabolism, in control and steatotic IHH. GSK3 expression was not affected when cells were incubated with oleic acid to induce steatosis, but the expression of FAS, an enzyme regulating the synthesis of fatty acid, was decreased both in the microarray analysis (2.01-fold) and by RT-PCR (2.56-fold), as expected when cells are overloaded with exogenous fatty acids ( Table 2) . PEPCK expression was below confident detectable levels, both in the microarray analysis and RT-PCR.
These data indicate that triglyceride accumulation in IHH rather to inhibit insulin signalling, has a stimulatory effect on the activation of intracellular cascades initiated by insulin and do not affect significantly expression of insulin-regulated genes controlling glucose metabolism, thus suggesting that oleic acid-induced steatosis in IHH cells is not associated with insulin resistance.
DISCUSSION
In this study, changes in gene expression associated with the accumulation of intracellular triglycerides, that is, steatosis, were examined in IHH. This new hepatic cell model proved to be of interest to study the expression pattern of genes potentially involved in the development of steatosis. Indeed, in contrast to other commonly used cell types such as Hep G2 or Huh-7, IHH are closer to primary human hepatocytes, since they accumulate lipid droplets only following exposure to fatty acids and not in normal culture conditions. Data indicated that oleic acid-induced steatosis affects the expression of a series of genes involved in the control of apoptosis, cellular proliferation, intracellular redox balance and in the regulation of lipid metabolism. Changes in gene expression associated with steatosis were also correlated with functional alterations of cellular processes implicating these gene products. Finally, while genetic analyses do not indicate major alterations in insulin signalling and resistance, we observed that steatotic cells were more sensitive to insulin, suggesting that steatosis is not associated with insulin resistance in IHH. Together, our results suggest that fatty IHH Red characters, upregulation; green characters, downregulation. See supplementary information online for color version.
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are an in vitro model, which reliably reproduces some of the biological changes observed in vivo, when liver steatosis develops in the absence of insulin resistance. Hepatocyte apoptosis is a feature of fatty liver disease, 24 which is also observed with chronic hepatitis C infection. 36 This characteristic is of clinical importance, since fatty infiltration of the liver is associated with increased liver failure rates after hepatectomy or liver transplantation, 37, 38 where cellular regeneration plays a crucial role in the recovery from ischemia-reperfusion damage. In IHH, the development of steatosis, following exposure to oleic acid at the concentration used, was also associated with an increased apoptosis, as assessed by an enhanced caspase 3 activity. Of note, measurement of caspase activity in serum has been recently proposed for the detection of early liver injury in HCV infection. 39 How apoptosis is regulated in lipid laden tissues is unclear, but an increased production of ceramide has been suggested to be the causative factor. 40 In our microarray analysis, we could, however, not detect significant changes in the expression of enzymes participating to this process, such as sphingomyelinase or serine-palmitoyl tranferase. In parallel to an increased apoptosis, cellular proliferation resulted inhibited in steatotic IHH, in agreement with other authors reporting a impaired BrdU incorporation in db/db mice after partial hepatectomy and no induction of cyclin D in ob/ob mice after toxic liver injury. 41, 42 A precise mechanism underlying the proliferation defect is not suggested from data of the microarray analysis, since several genes that could potentially favor or prevent proliferation are modulated in steatotic IHH. Thus, the increased apoptosis and the decreased proliferation of fatty hepatocytes are likely the net results of the up-or downregulation of several genes (see also Table 2 ), which positively or negatively affect both these processes, with the final result of an increased cell death in cells exposed to fatty acids, as we observed in our experiments.
Biochemical analyses of lipid metabolism demonstrated that the triglyceride content and biosynthesis were strongly increased in steatotic IHH, whereas lipogenesis of fatty acids and cholesterol was inhibited. The latter observation strongly correlated with genetic alterations evidenced in our microarray studies, indicating a decreased expression of enzymes involved in cholesterol and fatty acid synthesis, such as HMG-CoA synthase/squalene epoxydase and HMG-CoA reductase/acetyl-CoA acetyltransferase-2, respectively. However, the expression of genes encoding enzymes regulating the synthesis of triglycerides (glycerolphosphate acyltransferase, acylglycerol-phosphate acyltransferase, acyl-CoA:monoacylglycerol acyltransferase) was not altered in IHH exposed to oleic acid. It is thus likely that the increased triglyceride content in steatotic IHH is not due to a genetic upregulation of enzymes directing these processes. Rather, the enhanced biosynthesis of triglycerides may be caused by the excess of substrate available or by posttranscriptional mechanisms upregulating the activities of key enzymes involved in this process.
Treatment of IHH with oleic acid was followed by an efficient accumulation of intracellular lipids in the form of a prevalently microvesicular steatosis. In contrast to other liver-derived cell lines currently used, such as Hep G2 or Huh-7, IHH were not steatotic in normal culture conditions. This feature has not been identified before in these cells 43, 44 and may represent an important advantage for IHH, due to the fact that steatosis may be induced with oleic acid from real non steatotic cells in control conditions. Moreover, the presence of a spontaneous steatosis in Hep G2 and Huh-7 cells may incorrectly be underestimated by investigators interested in studying lipid metabolism in hepatocytes. Finally, the fact that steatosis is associated with relevant metabolic changes underlines the importance of working with steatosisfree hepatocytes as controls.
In studies from other authors using Hep G2 cells, 'oversteatosis' was induced using higher fatty acid concentrations (0.5-1 mM) for a shorter duration (24 h), but this was accompanied by an important (10-fold) increase in apoptosis, 45 which is improbable in an in vivo situation characterized by steatosis in the absence of other lesions, such as inflammation or iron overload. The spontaneous lipid overload in Hep G2 and Huh-7 cells observed with the Oil-red-O staining was confirmed with TLC. As a consequence, our results improve the initial functional evaluation of IHH 30 and suggest that this cell line may be more suitable than other hepatocytederived cell lines for in vitro studies focusing on mechanisms of lipid accumulation in the liver.
Previous studies have suggested that a link exists between hepatic fat accumulation and insulin resistance, 46, 47 but the underlying mechanisms linking these two phenomena are yet unclear. [48] [49] [50] This concept is however subject to controversy, with recent studies indicating that fatty liver is not always associated with insulin resistance and that insulin resistance is not a critical factor in the development of hepatic steatosis. [17] [18] [19] With respect to a potential role of insulin resistance in the development of steatosis, a decreased expression of IRS and posttranscriptional phosphorylation on serine residues of these effectors have been suggested to play a key role in hepatic insulin resistance. [51] [52] [53] Knocking down IRS1 or IRS2 in the liver of mice has been shown to have distinct consequences in hepatocytes: depletion of IRS1 caused an increase in gluconeogenesis, whereas IRS2 knockdown upregulated lipogenic enzymes. 23 In the same study, mice knocked down for both IRS1 and 2 displayed also hepatic steatosis. In contrast, another report indicated that specific IRS2 knockdown in the liver in mice already systemically devoid of IRS1 (Irs1 À/À ), did not induce a fatty liver, but, surprisingly, a significant decrease in the content of liver triglycerides. 54 Thus, it is still unclear how IRS alterations in their expression and activity impact the lipid metabolism and the occurrence of steatosis. Our genetic and biochemical analyses could neither detect changes in the expression of IRS proteins nor in the several other proteins associated with the insulin signalling pathways and insulin resistance that we have tested. This suggests that intracellular lipid accumulation does not significantly modulate the expression of major insulin signalling effectors in this cell model. In contrast, activation of insulin signalling effectors mediating both mitogenic and metabolic effects of insulin was increased in IHH exposed to oleic acid, indicating that insulin signalling, and likely insulin sensitivity of these cells, was increased in steatosis. Our data are thus in support of the concept that insulin resistance and steatosis are not strictly associated in hepatocytes, and that other metabolic factors might be involved in their frequent association. IHH might thus represent a valuable in vitro model for further studies aiming at clarifying the above conceptual issues.
One recent study profiled mRNA responses in Huh-7 cells after exposure to palmitate. 55 We showed that Huh-7 cells are per se steatotic and are probably not the best model to investigate the gene expression profile after treatment with an inducer of steatosis. Despite additional differences with the present work, such as the short-term exposure (48 h vs 7 days) and the different microarrays used (18 000 sequences vs 57 000), some important similar findings still emerge. Indeed, the increased expression of lipid transport and metabolism genes, the upregulation of oxidative stress response genes and the inhibition of cellular growth were characteristic of both models. In contrast with the data obtained with Huh-7 cells, some cytoskeletal and extracellular matrix genes, such as keratin 7, and syndecan 4 resulted in being upregulated in our model, possibly due to the different durations of treatment.
The issue of global gene expression in steatosis and nonalcoholic steatohepatitis has been addressed in human liver biopsies, [27] [28] [29] emphasizing the impaired capacity for dismutation of reactive oxygen species. Similar findings in our study indicated that several of the differentially expressed genes were involved in the regulation of oxidative metabolism. However, in contrast with the results from liver biopsies, genes involved in inflammation and fibrosis, such as TGFbeta and IL-1R, were not significantly dysregulated in our model. This is possibly due to the fact that hepatocytes only were the material for our analyses, while liver biopsies also contain other liver cells, such as Kupffer cells, myofibroblasts, endothelial cells or polymorphonuclear cells.
In summary, the data obtained in this novel IHH-based model of steatosis from the microarray analyses are
